Simple models for determination of the differences of ground and building foundation response spectra in LGC region Proste modele do wyznaczania różnic w spektrach odpowiedzi od drgań gruntu i drgań fundamentów budynków w LGOM Abstract The paper deals with the transmission of mine-induced vibrations in the LGC region from the ground to the foundations of typical buildings. The simple, easy-to-use models have been proposed for the determination of the differences (relations) between ground and foundation acceleration response spectra. Experimentally obtained acceleration response spectra from vibrations occurring simultaneously on the ground near the building and the building foundation were the basis for the verification of the accuracy of the proposed models.
Introduction
Surface vibrations originating from mining rockbursts belong to the most intense, so-called paraseismic vibrations. Their random occurrence is one of the features of this type of vibrations, which causes significant problems in the analysis. Additional difficulties in assessing and forecasting the effect of mining related vibrations on buildings result from dynamic soil-structure interaction (SSI), including the significant differences that can be observed between simultaneously recorded free-field motion near the building and building foundation vibrations [5, 8, 12, 13, 18] . However, very often in practice, vibration measurements are conducted only on free-field (e.g. at the design stage of the building), while the use of building foundation vibrations allows for a more accurate assessment of the harmfulness of vibrations for the buildings [11] . Therefore, it is necessary to assess and predict the transmission of free-field motion to the building foundations. In the paper [2] , response spectra of surface vibrations recorded in three mining areas of the Upper Silesian Coalfield (USC) were also established, indicating that the local ground properties may have a significant impact on the shape of the standard spectra.
In the works referring to the experimental examination of the soil-structure interaction, a comparison of the maximum values of ground motion near the building and the building foundation vibrations, recorded simultaneously, is often made in order to evaluate the transmission of free-field motion to the building foundations. This very simple way in the case of mining-related vibrations was used in e.g. [6, 8, 17] .
A comparison of the curves of response spectra, obtained on the basis of mining origin vibrations, recorded simultaneously on the free-field near the buildings and on the building foundations, allows for a more advanced analysis of vibration transmission from the ground to the building foundations [5, 7, 13, 18] . A modification of this method, involving a calculation of the Ratio of Response Spectra (RRS), with respect to the free-field and the building foundation vibrations caused by rockbursts, is proposed in [9] . Such a method of assessing the SSI is commonly used for vibrations caused by earthquakes [3, 4, 16] . Simple approximate models for practical uses in the evaluation of the transmission of seismic vibrations from the ground to the building foundation are proposed in [3, [14] [15] [16] . The suitability (accuracy) of these models, proposed in the literature for vibrations of seismic origin, in the case of vibrations due to rockbursts in the Legnica-Głogów Copper District (LGC), was analysed in [10] .
The paper proposes similar, simple empirical models in order to determine the differences (relationship) in acceleration response spectra, calculated on the basis of the free-field and building foundation vibrations, prepared for use in conditions of the LGC region. Separate models were established for the dimensionless acceleration response spectra (β) -model RRS(β), and dimensional spectra (S a ) -model RRS(S a ). Variants of the model were designed for use regardless of the type of building (universal models), as well as models intended for use separately in each of the groups of typical residential buildings in the mining region: low-, medium-and high-rise. All of the proposed models are based on the acceleration response spectra obtained using experimentally recorded free-field and building foundation vibrations in the LGC region.
Characteristics of experimental data
The work deals with the transmission of mining-related vibrations in the LGC region from the free-field to the building foundations. The analysed buildings can be treated as typical residential buildings in the mining region and as buildings that are representative in their classes. These are: low-rise, one-family, two-storey, masonry dwelling house (N); medium-rise, typical prefabricated (large-block), multiple-segment, five-storey building (S) and high-rise prefabricated (large-plate), two-segment, twelve-storey building (W). All of the considered buildings have basements and are founded on continuous footings. They are situated within a residential complex, at a short distance from each other. Rockbursts with energies of at least 10 6 J, which generated free-field vibrations, characterised by the measured maximum values of acceleration equal to at least 0.1 m/s 2 , were the sources of vibrations.
Simultaneously measured pairs of acceleration records of horizontal vibrations of the free-field vibrations next to the building (a few meters from the building) and the building foundation vibrations (parallel to the transverse and the longitudinal axis of the building respectively) are taken into account in the case of each of the hundreds of considered mining rockbursts. The number of measured pairs of acceleration records of the free-field and the building foundation vibrations considered in the studies is as follows: in the case of N-type building -111, in the case of the building S -205, and for the W-type building -181. The installed measuring equipment records the vibrations in the frequency range from 0.5 Hz to 100 Hz, and the maximum acceleration range is 3 m/s 2 . Dimensionless and dimensional acceleration response spectra (β and S a respectively) have been calculated using the above-mentioned vibration records. A fraction of critical damping ξ was adopted to be equal to 3%, according to the experimental studies of damping of the considered types of buildings [1] . It can be stated that the response spectra calculated using the free-field and the building foundation records differ considerably, which is the result of a dynamic SSI.
For each pair of response spectra (ground -building foundation), corresponding ratios RRS(β) for the dimensionless acceleration response spectra (β) and RRS(S a ) for dimensional acceleration response spectra (Sa) are calculated according to formulae (1) and (2) . 
where: RRS(β), RRS(S a ) -the ratio describing the transmission of response spectra from the ground to the foundation of the building, in the case of dimensionless and dimensional spectra respectively, β f , S af -dimensionless and dimensional acceleration response spectrum from building foundation vibrations, β g , S ag -dimensionless and dimensional acceleration response spectrum from free-field vibrations near the building. Using the ratios RRS for particular rockbursts, averaged relationships (RRS) were computed for all pairs of the vibrations recorded on the free-field and on the foundations of the buildings N, S and W as well as the averaged relations RRS for the considered types of buildings.
Averaged ratios RRS(β) and RRS(S a ), determined on the basis of the acceleration records of the free-field and buildings foundations for all types of the considered buildings, are shown in Fig. 1 . On the other hand, Fig. 2 contains averaged ratios RRS(β) and RRS(S a ) prepared separately for buildings corresponding to the classes of low-rise buildings (N), medium-rise buildings (S) and high-rise buildings (W).
It is visible that the average graphs RRS(β) corresponding to the dimensionless response spectra (β) differ from the corresponding average curves RRS(S a ), which were prepared on the basis of the dimensional response spectra (S a ). This observation applies to both the average relations RRS for all pairs of the ground-foundation determined in the case of all buildings of type N, S and W, as well as separately for each of the considered types of buildings (N, S, W). The values of the average relations RRS(S a ) are significantly smaller (especially in the range of the lower frequencies) than the corresponding values of the RRS(β). Therefore, there is clearly a greater reduction of ordinates of response spectra Sa compared with the response spectra β [9] .
It is also observed that the averaged curves of the RRS, prepared separately in the cases of buildings of different types (N, S, W), are different. This applies to both the relations of RRS(β) and RRS(S a ) [9] .
It is evident that for frequencies higher than 15 Hz, the relations RRS are practically constant for all variants of RRS shown in Fig. 1 and Fig. 2 . Moreover, RRS curves shown in Fig. 1 and Fig. 2 confirm the phenomenon that is observed in the dynamic SSI -buildings of all considered types "operate as a low pass filter", and so in the transmission of vibrations from the free-field to the building foundation, dampen vibrations of the ground with higher frequencies [9] . 
Empirical transmission models of the response spectra from the free-field to the buildings foundations
In [10] , the suitability (accuracy) of simple approximate transmission models of the response spectra from the ground to the building foundations was analysed, which in the literature are proposed for earthquake vibrations [3, [14] [15] [16] , in application to the vibrations originating from rockbursts in the Legnica-Głogów Copper District (LGC). It can be found that the application of these models (i.e. models designed for taking into account the phenomenon of dynamic SSI in the case of earthquakes) to the prognosis of acceleration response spectra originating from the building foundation vibrations on the basis of appropriate response spectra from free-field motion in the case of rockbursts in the LGC region, results in a relatively high inaccuracy of prediction [10] . This paper proposes similar, simple, empirical models in order to determine the differences (relations) in the response spectra from the ground and the building foundation vibrations, prepared with the intention of using them in the LGC region conditions. These models are nearing match position to the nature of rockbursts originating vibrations and the characteristics of substrate in the LGC region.
Separate models were constructed for the dimensionless acceleration response spectra (β) -models RRS(β), and dimensional spectra (S a ) -models RRS(S a ).
Variants of the models have been developed for use regardless of the type of building ("universal" models), which are denoted as: model 1.0 for RRS(β) and model 2.0 for RRS(S a ).
Also, models intended for use separately in each of the groups of common residential buildings in this mining region: low-rise (N), medium-rise (S) and high-rise (W), have been alternatively treated. They have been denoted consecutively as: model 1.N, model 1.S and model 1.W in the case of modelling of the transmission of non-dimensional spectra (β), and model 2.N, model 2.S and model 2.W in the case of dimensional spectra (S a ) transmission.
A graphical illustration of the above-mentioned models is shown in the red line in Figs. 3-6 , and their equations are given in Table 1 and Table 2 .
It is worth mentioning that all the proposed models are based on the acceleration response spectra from vibration records measured during dynamic investigations in the free-field situation near the buildings and building foundations in the LGC region. Fig. 4 and Fig. 6 .
Results of the calculations with the use of proposed models
The accuracy of the proposed models for use as a potential tool for the prediction of differences in the free-field and the building foundation mining-related vibrations was assessed using the Pearson correlation coefficient and average values of relative errors. Table 3 presents the average values of relative errors of the prediction of the average relations RRS(β) using the proposed models as well as the corresponding linear Pearson correlation coefficients. Similar results relating to the average relations RRS(Sa) are shown in Table 4 .
In both tables, the results are given separately for the whole considered range of vibration frequencies (f ≤ 25 Hz) and for the range of relatively low frequencies of particular importance from a practical point of view (f ≤ 15 Hz).
A very good fit of models constructed for use in the cases of different types of buildings during the transmission of the dimensionless spectra (β) as well as the dimensional spectra (S a ) is visible. However, also the use of "universal" models (model 1.0, model 2.0) allows to predict the average values of RRS(β) and RRS(S a ) with satisfactory accuracy. These applications relate to the whole frequency range and, separately, relatively low frequency range. Moreover, in all the proposed variants of models, the adoption of a constant value RRS for frequencies exceeding 15Hz simplifies the structures of the models without loss of their accuracy. 
Conclusions
The study presents empirical models for the evaluation of the differences (relations) in the acceleration response spectra originating from the free-field and the building foundations vibrations. These models have been prepared for use in the case of mining rockbursts in the Legnica-Głogów Copper District.
In practice, the proposed simple, approximate models can be used for prediction of the response spectra from the building foundation vibrations on the basis of response spectra from the free-field motion near the buildings.
The form of the developed models can be treated as the preliminary base proposal. The objective of further attempts of models' modification would be the construction of a common model for different types of buildings, but taking into account the information about the differences in their structure, and therefore also their dynamic properties.
